The reactions of Zn-, Zn,Cd-, and Cd-thioneins with EDTA and apo-carbonic anhydrase have been studied. The ligand substitution reaction of zinc with EDTA is multiphasic, having both associative and dissociative components in the rate expression. The cadmium sites are about 2 orders of magnitude less reactive. In contrast, apo-carbonic anhydrase abstracts zinc from Zn-thionein and ZnCd-thionein in second-order processes that are 2-3 orders of magnitude more rapid than those involving EDTA and approach the rate for unligated Zn2+ with the apo-protein. In comparison with other zinc proteins, Znthionein contains unusually reactive metal sites, suggesting that this protein may be a physiological zinc transfer protein, able to donate zinc to zinc-requiring apo macromolecules.
Although metallothioneins have been known for more than 20 years, insight into their molecular function is only gradually being developed. Metallothionein was discovered as the principal cadmium-binding protein in the cytosol of horse kidney cortex (1) . Chemical studies of metallothionein reactions have not progressed far beyond the first report after its identification in cells (2) . Hence, although metallothionein binds cadmium after exposure of the host to this toxic metal and recently has been shown to bind zinc and copper under various physiological conditions, no bioinorganic studies have provided a foundation for reasonable hypotheses as to the meaning of these results (3) (4) (5) (6) (7) (8) . Such studies are difficult because there are seven sites that may be occupied by a combination of Zn and Cd ions.
Recently, we have begun to investigate the metal-sulfhydryl sites of metallothionein to explore possible roles they may play in the metallobiochemistry of cells. Independently, Udom and Brady (9) have published biochemical results consistent with the hypothesis that Zn-thionein may be a physiological donor of zinc to zinc-apometalloproteins. In this communication, data are presented in ligand substitution reactions of various thioneins with EDTA and apo-carbonic anhydrase, which support this thesis.
MATERIALS
Bovine carbonic anhydrase B was purchased from Worthington; 5,5'-dithio-bis(2-nitrobenzoate), phenylmercuric acetate, pnitrophenyl acetate, and pyridine-2,6-dicarboxylic acid were from Sigma; EDTA (gold label) was from Aldrich; 2-carboxy-2'-hydroxy-5'-sulfoformazylbenzene was from Eastman. The metal salts and other chemicals were reagent grade purity. Horse kidney metallothionein was prepared as described (10) .
Preparation of apo-Carbonic Anhydrase. Bovine carbonic anhydrase B was treated with pyridine-2,6-dicarboxylic acid to remove zinc (11) . Analytical Methods. Metal contents of metallothionein and metal-EDTA complexes were measured with a Perkin-Elmer 360 spectrophotometer. The thiol content of metallothionein was measured either colormetrically by using 5,5'-dithiobis(2-nitrobenzoate) or amperometrically by using phenylmercuric acetate as the titrant (12, 13) . Disulfide content was determined amperometrically after cleavage of the disulfides with Na2SO3 (13) .
Kinetics of Reaction of Metallothioneins with EDTA. The kinetics of ligand substitution of Zn-or Cd-thionein with EDTA were studied under pseudo-first-order conditions for EDTA and were followed with absorbance measurements at 215 or 254 nm, the region of the Zn-or Cd-mercaptide absorption bands. The data were plotted as logarithm (A-A.) vs. time. Multiphasic kinetics were observed (Fig. 1). Step III is treated directly as a pseudo-first-order process. The contribution of step III to the observed rate of step II was subtracted out to yield a corrected pseudo-first-order process. To confirm that absorbance changes represent metal exchange or loss, samples were removed and placed onto a Sephadex G-50 column (1 X 25 cm) equilibrated with 0.01 M Tris-HCI/0.1 M KCI at room temperature. Fractions were collected and analyzed for metal content. The column step took about 15 min. The kinetics of reaction were then plotted as the logarithm of either the loss of peak height for metallothionein or the gain in peak height for metal-EDTA vs.
time.
Assay of Carbonic Anhydrase Activity. Native, and aporeconstituted carbonic anhydrase were assayed with p-nitrophenyl acetate as the substrate in an adaptation of published methods (14) (15) (16) of Zn,Cd-thionein at pH 2 was dialyzed against three 1-liter changes of water at 40C (in final dialysate, Cd = 0.013 mM, Zn = 0.0019 mM). The apothionein produced was dialyzed against 0.1 M ZnSO4/0.04 M 2-mercaptoethanol at 40C, centrifuged, and dialyzed against 0.01 M Tris-HCl (pH 7.5) at 40C. The resulting Zn-thionein contained: Cd, 0 mM; Zn, 1.69 mM; SH, 5.10; -S-S-, 0 mM. The apoprotein resisted oxidation for many days at pH 2. When ZnSO4 was added back, 2-mercaptoethanol was present to ensure full reduction of the thiol groups. The extent of reconstitution was 70% as calculated from the ratio of final to initial metal contents. Generally, reconstituted products had 0-20% of their sulfhydryl groups in oxidized form but showed the expected SH/metal ratio approaching 3. The Zn-thionein produced showed no change in thiol or disulfide content during 50 d.ays at 40C and little if any change for at least 23 days at room temperature. Upon addition of 2-carboxy-2'-hydroxy-5'-sulfoformazylbenzene (zincon, a weak chelating agent for zinc) a marginal (2%) change in absorbance at 615 nm was noted, indicating little if any nonmetallothionein-bound zinc in solution.
A Cd-thionein with proper SH/metal ratio was prepared by the same method but with CdCl2 in place of ZnSO4. Alternatively, CdCl2 was added directly to Zn,Cd-metallothionein to displace bound zinc. This reaction is almost complete in the time of mixing. The increase in A254 divided by 14,500 [E2s4 for mercaptide binding sites (2) ] is equal to the initial concentration of zinc in the protein.
RESULTS
Reactions of Metallothioneins with EDTA. The reactivity of metallothioneins binding different combinations of metals in ligand substitution processes was studied with EDTA as the competing ligand (Table 1 ). This ligand was chosen because of The reaction of reconstituted horse kidney Zn-thionein with EDTA was monitored spectrophotometrically at 215 nm (Fig.  1) . The reaction was complex, as may be expected in a molecule containing 7 mol of metal. Under pseudo-first-order conditions for EDTA, the reaction was triphasic and went to completion. The first step occurred within the time of mixing; the second and third steps could be followed by conventional spectrophotometry. A qualitatively similar picture emerged when the reaction was monitored chromatographically, clearly demonstrating the removal of zinc from the protein by EDTA. The kinetics suggest that there are different classes of zinc binding sites. As derived from Fig. 2 , the rate law for step II is kobs = ki [EDTA] + k2, in which k, = 0.98 M-1sec-' and k2 = 4.4 X 10-4 sec-1.
Step III is independent of EDTA concentration and is characterized by a first-order rate constant of 2.0 X 10-4 sec-1. Thus, there is evidence for a direct ligand substitution process as well as a dissociative process in which dissociation of Znmercaptide bonds is rate limiting.
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the seven metals react in step II and three in the sum of steps I and III.
For native horse kidney Zn,Cd-thionein and EDTA, cadmium removal was followed at 254 nm and zinc transfer was followed by column chromatography. As shown in Fig. 3C , EDTA removed zinc from the Zn,Cd-thionein with the same triphasic kinetics as shown in Fig. 1 . The corrected psuedofirst-order rate constants for steps II and III, 8.9 X 1O-4 sec1 and 1.7 X 1O-4 sec1, respectively, agree closely with those for Zn-thionein.
The transfer of cadmium from thionein to EDTA (Fig. 4) was much slower than that of zinc (Fig. 3 A and B) . There was an initial, relatively rapid process comprising 10-20% of the overall reaction, followed by a single exponential with a pseudo-firstorder rate constant of 3.7 X 10-6 sec1 according to absorbance measurements and 3.0 X 10-6 sec1 calculated from gel filtration results. This reaction went to completion. Because it takes many days for the reaction to occur, free sulfhydryl oxidation may take place. In the presence of 14 mM 2-mercaptoethanol, which prevents sulfhydryl oxidation, similar results were obtained.
Finally, the reaction of EDTA with reconstituted Cd-thionein, prepared by two different methods, was examined. The reaction of Cd-thionein prepared from native Cd,Zn-thionein (by reaction with CdCl2 at a CdCI2-to-Zn mole ratio of 2.5:1) has kinetic values similar to those for removal of cadmium from the native protein (Fig. 3A) . In marked contrast, however, was the Cd-thionein prepared from CdCl2 and apothionein. When mixed with EDTA, its absorbance at 254 nm was lost immediately. Chromatography of the products showed that complete, rapid transfer for Cd from thionein to EDTA had occurred. More studies are in order to understand this difference.
Reconstitution of Carbonic Anhydrase. We compared the reconstitution of apo-carbonic anhydrase with zinc from Znthionein and from Zn(NO3)2. The rate of reappearance of activity can be taken as the rate of transfer of zinc from donor to carbonic anhydrase (14) . reaction is occurring and that it is first-order in Zn-thionein and apo-CA (Fig. 5) . When the concentration of Zn-thionein relative to apo-CA was varied between 0.25 and 1.9, the total extent of reconstitution closely approximated the amount of zinc initially present as Zn-thionein (Fig. 6) The reconstitution of the apoenzyme preparation with Zn(NO3)2 proceeded at rates comparable to those observed with metallothioneins ( Fig. 5 ; Table 1 ). This constant, 2.05 X 103 M-1 sec1, is less than the value, 1.6 X 104 sec1, obtained in previous work, presumably because phosphate buffer was used in the present study and it can bind Zn2+ competitively (14) .
The temperature dependence of the second-order rate constants for the reactions of Zn2+ and Zn-thionein with apo-carbonic anhydrase are shown in Fig. 7 Zn2 , in good agreement with previous work (14) , and AH* = +7 kcal/mol and AS* = -22 entropy units for In several experiments at higher concentrations of reactants, no loss of the Cd-thionein absorbance at 254 nm, which would indicate Cd transfer to apoprotein, was detected. This observation was supported by the correlation of percentage reconstitution with initial zinc concentrations, which suggests that all of the apo-carbonic anhydrase'binds to zinc despite the large excess of cadmium in this preparation.
DISCUSSION
The study of metallothionein function has been stimulated recently by the demonstration that Zn-thionein is a normal constituent of cells under various physiological conditions including cancer (3) (4) (5) (6) (7) (8) . The question of its role in metabolism arises. It has been postulated recently that Zn-thionein can serve as a specific donor of zinc to newly synthesized zinc apo-enzymes (9) .
To probe this question, it becomes imperative to investigate the reactivity of the metal binding sites in metallothionein. Study of the reactions of various metallothioneins with EDTA leads to several new insights into the protein. First, Cd-thionein, Zn-thionein, and Zn-,Cu-,Cd-thionein all are thermodynamically reactive with EDTA. Given the concentrations of reactants used in Figs. 1 and 3 , the known conditional formation constants for Zn-and Cd-EDTA at pH 7.5, and assuming homogeneous, independent binding sites and 90% completion of reaction, one can calculate upper limit conditional stability constants for Znand Cd-mercaptide sites (16) . They are both about 1014. Furthermore, the zinc sites in Zn-thionein and Cd,Zn,Cu-thionein exhibit equal kinetic activities. Except for an initial fast reaction, the bulk of the cadmium sites in either Cd-and Cd,Zn-thionein react much more slowly. The unreactivity of cadmium in metallothionein is consistent with the finding that virtually all of the cadmium in liver is bound to this protein under steady-state conditions (unpublished observations). The reactivity of the zinc sites is consistent with the hypothesis that Zn-thionein may undergo ligand substitution reactions in cells.
Comparison with the metal-ligand dynamics of carboxypeptidase is useful here. Although EDTA facilitates the removal of zinc from this protein, it is a first-order dissociative process (18) . However, the stability of carboxypeptidase in vtivo indicates that there are not other ligands in organisms which facilitate removal of its zinc. In contrast, Zn-thionein can transfer zinc to other zinc apo-structures in model systems, including apo-carboxypeptidase (9) . A key to this reactivity is that the zinc sites in metallothionein can undergo associative ligand substitution reactions, so that first-order dissociation rates do not limit the rate of metal transfer. In another comparison, once a metal is bound to carboxypeptidase, it takes many hours of competitive reaction for the more thermodynamically stable metalloprotein to form (19, 20) . This is presumably because exchange is limited by the dissociation rate of the metal-carboxypeptidase. With metallothionein, such exchange reactions are very fast, implying direct reaction of metal site in the protein with the
